[1] Mechanisms by which small changes in the sun's energy output during the solar cycle can cause changes in weather and climate have been a puzzle and the subject of intense research in recent decades. Here we report that differences in surface circulation conditions during solar maximum and minimum periods are caused by differences in the frequencies with which circulation perturbations in the stratosphere reach the surface. A much greater fraction of stratospheric perturbations penetrate to the surface during solar maximum conditions than during minimum conditions. This difference is more striking when the zonal wind direction in the tropics is from the west: no stratospheric signals reach the surface when equatorial 50 hPa winds are from the west under solar minimum conditions, and over 50 percent reach the surface under solar maximum conditions. It has been previously shown that stratospheric circulation perturbations reaching the surface change weather patterns by imposing atmospheric pressure anomalies characteristic of the Arctic oscillation.
Introduction
[2] It has been known empirically for more than a hundred years that changes in the solar cycle apparently produce corresponding changes in weather and climate on the earth's surface [Lamb, 1972; Burroughs, 1992] . The link between the solar cycle and climate has been a puzzle because the solar energy output changes by only about 0.1 percent during a typical solar cycle [Lean and Rind, 2001] , a change that is too small to produce significant changes in surface conditions based on energy considerations. A possible clue is that changes in the output of solar ultraviolet (UV) radiation are significantly greater, up to 0.4% during a typical solar cycle [Lean, 2000] . Furthermore, the percent change in the UV radiation is greater at shorter wavelengths. Since the solar UV radiation is the main agent for producing ozone in the stratosphere we expect significant changes in ozone with the solar cycle. Such changes have been verified in observations [Hood, 1997] and also in modeling studies [Lee and Smith, 2003] . Systematic changes in the distribution of ozone result in changes in the temperature and pressure distributions in the stratosphere. It is now recognized that we expect different thermal and dynamical signatures in the stratosphere between solar maximum and minimum conditions [Labitzke, 2001; Hood, 2004] and these are modulated by the quasibiennial oscillation of the zonal equatorial winds [Labitzke, 2003] . Several studies have demonstrated that solar cycle induced perturbations are large in the upper stratosphere and gradually descend to the lower stratosphere [Kodera and Kuroda, 2002; Gray et al., 2004] . Dunkerton [1999, 2001] used the northern annular modes to demonstrate that some perturbations in the stratosphere can reach the surface. The northern annular mode (NAM) is the first empirical orthogonal function of geopotential height at each level and thus represents a principal mode of stratospheric circulation. These authors showed that positive and negative anomalies in the stratospheric NAM are generated often, and on occasions propagate to the surface maintaining the same sign. In the stratosphere annular mode values are a measure of the strength of the polar vortex, while the near surface annular mode is called the Arctic Oscillation.
[3] We have used the method of Baldwin and Dunkerton to investigate downward propagation in solar maximum and minimum conditions. Results show a clear difference: Many more stratospheric perturbations reach the surface in solar maximum conditions than in minimum conditions. Furthermore, no stratospheric signals reach the surface in minimum conditions when the quasi-biennial wind direction in the tropical lower stratosphere is from the west. 
Method

Results
[5] We measure solar activity in each winter by the number of sunspots observed during the winter. Figure 1 shows the northern annular mode in the stratospheretroposphere system for the five winters during 1948 -2004 in which solar activity was the maximum. The panels in Figure 1 are arranged such that the winter of the maximum activity is at the top and the winter of fifth strongest activity is at the bottom. Only values greater than one standard deviation are shown at each level. Positive values of the NAM are shown in blue and negative values in red. The W and E on top of each panel give the direction of the QBO wind for each month at 50 mb. Thus we see in the top panel for the winter of 1957 -58 that a negative signal develops at the upper level during February and March and reaches the surface. Figure 1 shows that during the five strongest solar maximum winters perturbations emerging in the stratosphere reach the surface in four of the winters. 1979 -1980 is the exception because the signal breaks up and does not reach the surface. Of the four signals that reach the surface three are negative events and only one (1989 -1990 ) is a positive event. During negative events the polar vortex is weak and warm, while it is strong and cold in positive events [Baldwin and Dunkerton, 2001] .
[6] Figure 2 shows the northern annular mode during the five winters in which solar activity was the lowest during 1948 -2004 . The panel at the top for 1953 -1954 was the winter with the weakest solar activity. Figure 2 shows that signals emerging from the stratosphere do not reach the surface in four of the winters, the exception being 1996 -1997 when two signals emerge and propagate to the surface. We note that the wind direction is from the east during this winter.
[7] We expanded our database by considering the 15 winters with the highest sunspot numbers as representatives of maximum solar activity, and the 15 winters with the lowest sunspot numbers as representing solar minimum conditions. We again find that a significantly greater fraction of the stratospheric events reach the surface under solar maximum conditions than in minimum conditions. The comparison is made in Table 1 . Results for two threshold values for defining the perturbations are given: 1.0 and 1.5 times the standard deviation of the northern annular mode. The second line in Table 1 lists the number of signals that occurred at 10mb level. Thus, for example, the amplitude of the annular mode exceeded one standard deviation 35 times during solar maximum conditions. The third row gives the number of times that the signal reached the surface. The fourth row gives the ratio of the signal detection at the surface to its occurrence at the 10 mb level. We notice a significant difference between solar maximum and minimum conditions. A signal generated in the stratosphere is much more likely to reach the surface under solar maximum conditions than in the minimum conditions. We have tested the statistical significance of these results in two different ways. Comparing the number of signals reaching 1000 mb (line 3, Table 1 ) using a t-test, we can reject the null hypothesis that the numbers for maximum and minimum conditions are the same at >99 percent confidence level. If we compare the ratios in line 4 using the standard normal distribution we can again reject the null hypothesis that the ratios are the same for solar maximum and minimum conditions at >99 percent confidence level.
[8] The last two rows in Table 1 give the ratio classified according to the prevailing zonal wind direction in the tropical lower stratosphere, and we notice that no signals reach the surface in the solar minimum conditions when the wind direction is from the west, while over 50% of the signals reach the surface under solar maximum conditions.
[9] The results in Table 1 Lean [2000] to identify winters of high and low solar activity also did not change the ratios significantly.
Discussion
[10] The results obtained above may be understood in the context of findings by Gray et al. [2004] who studied the influence of the solar cycle and the quasi-biennial oscillation on the winter polar vortex in ECMWF Reanalysis data for 1957 -2001. They examined composites of averaged zonal winds in the stratosphere for four categories: solar minimum conditions/easterly winds, solar minimum conditions/westerly winds, solar maximum conditions/easterly winds and solar maximum conditions/westerly winds. They find that the polar vortex in the stratosphere is more disturbed in years in which the wind is from the East than in years when it is from the West, in conformation with the Holton-Tan effect. However, they find an important difference in West years between solar minimum and maximum conditions. In the solar minimum/westerly winds composite the vortex is anomalously strong throughout the whole winter and an easterly anomaly in the winds does not appear until April. In the solar maximum/westerly winds composite, on the other hand, an easterly anomaly develops in February and moves poleward and downward by March indicating midwinter warming events in solar maximum/ westerly years. Their results are consistent with previous work by Labitzke and coworkers who noted as early as 1982 that major midwinter stratospheric warmings do not occur during the QBO westerly phase except near solar maxima [Labitzke, 1982] . Together with our results, they suggest that the stable vortex in winters when solar activity is low and winds are from the west present conditions in which propagation of stratospheric signals to the surface is unlikely.
Conclusion
[11] This paper presents quantitative evidence for an increased rate of penetration of northern hemisphere winter circulation anomalies from the stratosphere to the troposphere under solar maximum conditions as opposed to solar minimum conditions. The difference occurs primarily during the QBO westerly phase. Previous work has shown that the occurrence of major midwinter stratospheric warmings also depends on both the QBO phase and the solar cycle. The leading candidate mechanism for effecting this dependence is solar ultraviolet variations, which influence ozone concentrations, radiative heating, and zonal circulation in the tropical upper stratosphere. In the QBO westerly phase, major midwinter warmings occur at an increased rate under solar maximum conditions as opposed to solar minimum conditions. Our results show that the circulation anomalies caused by these stratospheric warmings propagate down to the surface much more frequently under solar maximum conditions than under solar minimum conditions. This suggests that solar perturbation of the stratosphere by ultraviolet radiation variations followed by downward propagation of resulting circulation anomalies to the surface is the principal sun-climate mechanism.
